Background: Estrogen deficiency in women and high-saturated fat, high-sucrose (HFS) diets have both been recognized as risk
Introduction
Nutritional status is a readily modifiable risk factor for many chronic diseases. Epidemiologic studies have revealed a positive correlation of a Western-style diet with a higher incidence of obesity, cardiovascular complications, colon cancer, and osteoporosis (1) . A cross-sectional study by Okubo et al. (2) demonstrated that the Western-style diet, characterized by high intakes of saturated fat and sugar, tended to be inversely associated with bone mineral density (BMD) 9 in Japanese women. Estrogen deficiency in postmenopausal women leads to the development of bone loss and osteoporosis (3) . A high-saturated-fat, high-sucrose (HFS) diet may further aggravate bone loss in estrogen-depleted postmenopausal women.
Preclinical studies have indicated that both HFS diets and estrogen deficiency are contributing factors for developing an abnormality in bone metabolism. Earlier studies showed that HFS diet intake for 10 wk could decrease cortical bone morphology and biomechanics in growing female rats (4, 5) . An HFS diet intake for 20 wk was shown to suppress BMD at the trabecular bone in 10-wk-old female mice (6) . Female mice aged 9 wk fed an HFS diet for 10 wk had compromised tibial structural and morphologic properties, including reduced cortical thickness, cross-sectional area, and energy to failure (7) . Estrogen plays an essential role in the control of osteoclastogenesis, and its deficiency is thought to contribute to the pathogenesis of postmenopausal osteoporosis (8) . However, to our knowledge no study has delineated the combined actions of HFS diet intake and estrogen deficiency on the bone.
The mechanism by which estrogen deficiency and HFS diets negatively affect bone metabolism has been related to oxidative stress (OS). Using an estrogen receptor a knock-in mice model, estrogen diminished the generation of reactive oxygen species (ROS), stimulated the activity of glutathione reductase, and decreased the phosphorylation of p66shc, thereby attenuating the prevalence of mature osteoblast apoptosis as well as osteoblastogenesis (9) . Estrogen is also shown to exert direct SRC proto-oncogene (SRC), non-receptor tyrosine kinase and MAPK kinase-dependent antioxidative actions in both male and female mice (10) . HFS diet-induced hyperglycemia plays an important role in increasing ROS and lipid peroxidation and altering the antioxidant defense status in various tissues (11) . In hyperlipidemia, LDL particles that had undergone oxidative modifications in response to OS were known to accumulate in vascular tissues and trigger atherosclerosis in a hyperlipidemic mice model. Studies have indicated that oxidized LDLs also would deposit in bone tissues of mice, where they may promote osteoporosis by influencing osteoblast viability (12, 13) . A study by Sage et al. (14) demonstrated that oxidized lipids played a critical role in mediating hyperlipidemia-induced parathyroid hormone resistance in the bones of mice, thus resulting in bone resorption. A high-saturated-fat diet fed to mice induced the formation of oxidative products, which can bind to PPAR g (PPARG) protein and exert detrimental effects on the mouse skeleton (8) .
Both high-saturated-fat and high-sucrose diets have a profound effect on skeletal structural integrity depending on the animal species and age (4-7). Furthermore, the underlying mechanisms remain incompletely understood. The objective of this study was to determine the interactive actions of estrogen deficiency and an HFS diet on bone properties in female rats and the potential mechanisms that might be involved. The interactive effects of ovariectomy and an HFS diet on bone properties, bone biochemical markers and bone-specific gene expressions, lipid deposition, and oxidant/antioxidant concentrations in liver were systematically studied in 6-mo-old sham or ovariectomized (OVX) rats fed either a low-saturated-fat, low-sucrose (LFS) diet (13% fat calories; 15% sucrose calories) or an HFS diet (42% fat calories; 30% sucrose calories) for 12 wk.
Methods
Rats and experimental design. Guangdong Provincial Medical Laboratory Animal Center supplied 32 6-mo-old female Sprague Dawley rats. The rats were randomly divided into 4 groups (each with 8 rats). Upon anesthetization with sodium pentobarbitone, 2 groups received an ovariectomy operation (n = 16), and the other 2 groupsreceived a sham operation (n = 16). Four weeks after surgery, rats were pair fed either an LFS or HFS for 12 wk. The total intake amount for each rat was tightly controlled by pair feeding based on the minimum intake amount among all of the groups each day, which averaged ;14-16 g/d. The 4 groups were LFS-sham, HFS-sham, LFS-OVX, and HFS-OVX. All rats were housed in an environment with a constant room temperature and a 12-h light-dark cycle. During the feeding study, rats were allowed free access to double-distilled water and their corresponding diets. Body weight was recorded every week. All animal care and experiments were performed in accordance with the guidelines for the care and use of laboratory animals at Hong Kong Polytechnic University. The experimental protocol was conducted under the animal license issued by the Department of Health, Hong Kong Special Administrative Region Government, and the Hong Kong Polytechnic University Animal Subjects Ethics Sub-committee.
Diet composition. The LFS (TD.10592) and HFS (TD.10586) diets were designed and purchased from Harlan Teklad. The HFS diet was modified from a common higher-fat diet (TD.88137; 42% kcal from fat, 30% kcal from sucrose, and 0.2% cholesterol) that matched the calcium and phosphorus concentrations of TD.98005 (0.6% calcium; 0.65% phosphorous) in our previous bone mineral metabolism studies (15, 16) . A specific LFS diet was generated that contained 13% energy from fat and 15% energy from sucrose, with some soybean oil to provide sufficient essential FAs. The fat portion in the LFS diet consisted of 74.4% anhydrous milk fat and 25.6% soybean oil; the fat portion in the HFS diet consisted of 99.3% anhydrous milk fat and 0.7% cholesterol. The HFS diet contained 20% more energy than the LFS diet. Rats were pair fed a similar amount of diet (g/kg body weight) during the treatment period. Hence, energy concentrations were higher in the HFS diet, but the micronutrient concentrations were the same in the LFS and HFS diets. The detailed nutrient compositions are listed in Supplemental Table 1 . All rats had free access to double-distilled water and were pair fed based on the minimum intake amount among all of the groups each day (;14-16 g/d).
Sample collection. The rats were housed individually in metabolic cages for 24-h urine and feces collection 2 d before being killed with an intraperitoneal injection of pentobarbitone (10 mg/100 g body weight). Blood was withdrawn from the abdominal aorta, and serum was prepared and stored at 280°C. The livers were immediately collected, rinsed, and stored at 280°C. Left femurs were cleaned of all soft tissues and rapidly put in liquid nitrogen and stored at 280°C for gene expression analysis. Right femurs and tibias and lumbar vertebrae (LVs) 2-4 were collected for microcomputed tomography (mCT) analysis; they were wrapped in saline-soaked towels together with muscle tissues and stored at 220°C for further analysis.
Biochemical analysis of serum and urine samples. Calcium and phosphorous concentrations in both serum and urine samples were measured with the use of standard colorimetric methods with calcium and phosphate colorimetric assay kits (Wako Pure Chemical Industries Ltd.). Urinary creatinine (Cr) was determined with the use of the colorimetric method with Cr colorimetric/fluorometric kits (Wako Pure Chemical Industries Ltd.). Urinary calcium and phosphorous excretion was expressed as ratios of urinary calcium or phosphorous to the Cr concentration. Serum concentrations of TG, total cholesterol, and LDL and HDL cholesterol were measured by TG, cholesterol, and LDL and HDL cholesterol assay kits (Biosino Bio-technology and Science Inc.). The absorbance for various assays was determined with the use of the POLARstar Galaxy Plate Reader (BMG).
Liver lipid content evaluation. Two grams of each liver sample was homogenized, filtered, and centrifuged to obtain lipids, which were dried, weighed, and analyzed as previously reported (17, 18) . Liver lipid content was expressed as the weight of lipids in 1 g of liver.
Bone turnover marker measurements. Osteocalcin (OCN) and deoxypyridinoline (DPD) are commonly measured biomarkers of bone formation and resorption (19, 20) mCT analysis of rat femur and tibia and LVs. Right femur and tibia and LVs were thawed at room temperature before testing. Cone-beam X-ray mCT (vivaCT 40; Scanco Medical) was used to take mCT images of the femoral end (FE) (distal metaphysic part of the femur), femoral midshaft, tibial head (TH) (proximal metaphysic part of the tibia), and tibial midshaft and intact LVs 2-4, with a tube voltage of 70 kVp, tube content of 0.114 mA, slice thickness of 21 mm, and pixel size of 21 mm. The scanned regions of the FE and TH were ;200 slices starting at 4.2 mm apart from the FE and 2.2 mm apart from the TH. The scanned bone contained both cortical and trabecular bones. The femoral and tibial midshafts were located at approximately the middle of femur and tibia. LVs 2-4 were also selected for scanning. mCT images were prepared, mCT reconstruction models were generated, and 3-dimensional bone parameters were calculated by 3-dimensional image analysis software. Parameters for bone content, bone structure, and structural mode were measured sequentially (SCANCO Finite Element Software and MicroCT Analysis Software, Scanco Medical). The measured parameters included bone content parameters [total BMD, trabecular bone mineral density (Tb.BMD), and the ratio of bone volume (BV) to total volume (TV)] and bone structural parameters [trabecular number (Tb.N), trabecular thickness, trabecular separation (Tb.Sp), ratio of bone surface (BS) to BV, connectivity density (Conn-Dens) and structural mode, degree of anisotropy, and structure model index (SMI)].
Real-time PCR analysis. The distal end of the right femur of each rat was crushed under liquid nitrogen conditions, and RNA extraction and reverse transcription to cDNA and real-time PCR were carried out as previously reported (21) . Gapdh was used as an endogenous control for samples from the rat femur end. The primer sequences for runt-related transcription factor 2 (Runx2), cathepsin K (Ctsk), osteoprotegerin (Opg), receptor activator of NF-kB (Rankl), Pparg, and Gapdh were the same as previously reported (21) . PCR was performed as follows: initial denaturation at 95°C for 3 min, 40 cycles of denaturation at 95°C for 15 s, primer annealing at 56°C for 20 s, and polymerization at 72°C for 20 s. To determine the number of copies of the targeted DNA in the samples, a relative standard curve (concentration threshold cycle) was generated by diluting cDNA from the calibrator (LFS-sham group). Data were normalized with Gapdh concentrations in the samples. As previously shown (22) , the use of whole-bone extract might underestimate the amount of activity in bones in which the active metaphyseal trabecular BS was likely to be much smaller in area because of the ovariectomyinduced bone loss. The relative mRNA expression in trabecular bones was corrected by BS measured by mCT to avoid possibly underestimating the gene expression in the bones in this study. Finally, the mean gene expression was calculated by assigning a relative value of 1.0 to the group mean of the LFS-sham group, whereas all other values were relative to the group mean of the LFS-sham group. Determination of the oxidant/antioxidant concentrations in the liver. Liver tissues were thawed and homogenized as described previously (17, 18) . The concentrations of malondialdehyde (MDA) and superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activity were measured in duplicate with the use of spectrophotometry-based commercial kits, including MDA, SOD, CAT, and GPx detection kits (Keygen Biotech. Co., Ltd.). The absorbance for various assays was determined with the use of the POLARstar Galaxy Plate Reader. The protein concentration of the samples was detected by the Bradford method. MDA concentrations were expressed as nmol/mg protein; SOD, CAT, and GPx activ ity was expressed as U/mg protein.
Statistical analysis. The data from these experiments were reported as means 6 SEMs for each group. Statistical differences between groups were evaluated by 2-factor ANOVA (Prism 4 for Windows; GraphPad). The effects of the HFS diet and ovariectomy and interaction between the HFS diet and ovariectomy on different parameters were analyzed. The statistical significance between individual groups was determined using the Bonferroni method. Differences in P values <0.05 were considered statistically significant. Correlations among the parameters of oxidant/antioxidant and with bone density were evaluated by linear regression analysis (Prism 4 for Windows), in which the Pearson R 2 (23) was calculated and P < 0.05 was considered statistically significant.
RESULTS
Weight gain and uterus index and serum chemistries. As shown in Table 1 , after 12 wk of pair feeding both the HFS diets and ovariectomy caused 3-fold (P < 0.01) increases in the weight of adult female rats. Body weight gain was 30% higher (P < 0.05) in the rats that received the combination of the HFS diet and ovariectomy. Ovariectomy but not the HFS diet significantly decreased (P < 0.01) uterine weight. Ovariectomy significantly reduced (P < 0.05) serum phosphorous concentrations in rats by 24% in the LFS-OVX rats and 37% in the HFS-OVX rats.
Lipid content in serum and liver. Ovariectomy significantly decreased serum TG (P < 0.01) and increased serum TC (P < 0.001) ( Table 1 ). The HFS diet induced liver lipid deposition by 52% in sham rats (P < 0.05) and in OVX rats by 62% (P < 0.001). OVX increased liver lipid deposition by 24% in the HFS-OVX rats (P < 0.05).
Bone properties evaluated by mCT. There were no interactions between ovariectomy and the HFS diets ( Table 2) . Both ovariectomy and the HFS diet reduced Tb.BMD in mature female rats at TH, FE, and LVs 2-4, and the combination reduced Tb.BMD dramatically. The TH and FE were the most jn.nutrition.org sensitive sites, with reductions of 78% and 68%, respectively, in response to both ovariectomy and the HFS diet. The 3-dimensional images from the FE are shown in Supplemental Figure 1 . BMDs at the tibial and femoral midshaft were significantly reduced by ovariectomy only. Ovariectomy weakened bone properties considerably, as demonstrated by decreased BV:TV, Tb.N, and Conn-Des and increased Tb.Sp, BS:BV, degree of anisotropy, and SMI at the FE (P < 0.001) ( Table 3) . BV:TV, Tb.N, and Conn-Des at the FE were further reduced, and Tb.Sp, BS:BV, and SMI were further increased at the FE of the HFS-OVX rats (P < 0.05).
Bone turnover markers. The HFS diet significantly decreased serum OCN by 27% in sham rats (P < 0.05) ( Figure 1A) . Urinary DPD concentrations in rats were significantly increased by both the HFS diet and ovariectomy, and these 2 factors significantly interacted to regulate the concentrations of urinary DPD in rats (P < 0.01). Ovariectomy significantly increased urinary DPD concentrations by 115% in the LFS-OVX rats (P < 0.001), whereas the HFS diet increased urinary DPD concentrations by 161% in sham rats (P < 0.001) and 28% in OVX rats (P < 0.05) ( Figure 1B ).
Bone-specific gene expression in the distal femoral metaphysis. Ovariectomy significantly increased the mRNA expression of Ctsk, an osteoclast-specific gene, by 104% at the FE of the LFS-OVX rats (P < 0.05) ( Figure 2B ). The HFS diet significantly increased Ctsk mRNA expression by 145% in the HFS-sham rats (P < 0.05) ( Figure 2B ) but did not further increase its expression at the FE of the HFS-OVX rats. Ovariectomy reduced Opg mRNA expression at the FE by 47% in the LFS-OVX rats (P < 0.05) ( Figure 2C ). The HFS diet also reduced Opg mRNA expression at the FE by 71% in the HFS-sham rats compared with the LFS-sham rats (P < 0.05) ( Figure 2C ). The ratio of Opg to Rankl expression in the rat bone was not altered by the HFS diet but was significantly reduced by 40% by ovariectomy (P < 0.05) ( Figure 2E ). Ovariectomy but not the HFS diet feeding significantly induced Pparg mRNA concentrations at the FE by 170% in the LFS-OVX rats and by 136% in the HFS-OVX rats (P < 0.05) ( Figure 2F ).
Oxidant/antioxidant concentrations in the liver. Ovariectomy significantly increased MDA concentrations by 40% in the LFS-OVX rats compared with the LFS-sham rats (P < 0.05) Figure 3A) , and the HFS diet further increased MDA concentrations by 87% in the HFS-OVX rats (P < 0.05) ( Figure 3A) . Similarly, ovariectomy significantly decreased SOD activity by 25% ( Figure 3B ), CAT activity by 18% ( Figure 3C ), and GPx activity by 27% ( Figure 3D ) in the liver of the LFS-OVX rats (P < 0.05). The HFS diet further suppressed CAT activities by 40% in the liver of the HFS-OVX rats (P < 0.05 ( Figure 3C ). The HFS diet reduced GPx activity by 23% in the HFS-sham rats (P < 0.05) ( Figure 3D ).
Linear regression analysis. Linear regression analysis showed that there was a negative correlation between MDA concentrations in the liver and the femoral metaphysic BMD in adult female rats (P < 0.01) ( Figure 4A ). Positive correlations were observed between SOD, CAT, and GPx activity in the liver and the femoral metaphysic BMD in adult female rats (P < 0.05, P < 0.01, and P < 0.01, respectively) ( Figure  4B-D) .
FIGURE 2 mRNA expression of Runx2 (A), Ctsk (B), Opg (C), Rankl (D), Opg:Rankl (E), and Pparg (F) at the distal metaphysis part of the femur from OVX and sham-operated 6-mo-old female rats fed an HFS or LFS diet for 12 wk. Values are expressed as means 6 SEMs, n = 8. Labeled means without a common letter differ, P , 0.05. Ctsk, cathepsin K; HFS, high saturated fat, high sucrose; LFS, low saturated fat, low sucrose; Opg, osteoprotegerin; OVX, ovariectomized; Pparg, Ppar g; Rankl, receptor activator of NF-kB; Runx2, runt-related transcription factor 2.
Discussion
An HFS diet worsened estrogen deficiency-induced bone loss in adult female rats. Their synergistic detrimental actions on bone properties mainly occurred in cancellous bones and were characterized by a high degree of bone resorption. Mechanistic studies have suggested that such alterations in bone properties were associated with higher Pparg expressions of bone in response to ovariectomy and aggravated OS in adult rats induced by the HFS diet plus estrogen deficiency.
It is traditionally accepted that a low BMI is a risk factor for fracture via the positive effect of mechanical loading conferred by body weight on bone formation in postmenopausal women (24) . In contrast, our results showed that HFS diet intake led to a higher body weight and BMI but reductions in bone mass. Data from epidemiologic and animal studies strongly support that fat accumulation and obesity are detrimental to bone mass (25) . Furthermore, a recent report (26) has demonstrated that the relations between fracture and BMI in postmenopausal women are site-specific; i.e., BMI showed a positive association with ankle fractures but a notable inverse association with fractures at the hip, spine, and wrist.
The negative synergistic effects of estrogen deficiency and the HFS diet on bone properties mainly occurred in cancellous bones, in which the most sensitive site in female rats was found to be the metaphysis of the femur end. This agrees with a previous study (27) that reported that an HFS diet for 14 wk decreased cancellous bone mass but did not alter cortical bone mass in the tibia in male mice. Serum OCN, a bone formation marker, was downregulated considerably by the HFS diet, whereas urine DPD, a bone resorption marker, was elevated greatly by the HFS diet with or without ovariectomy, but especially in the estrogen-deficient state. A high-fat diet has been associated with abnormal lipid metabolism in mice (28) . A highfat diet supplementation to 4-wk-old mice for 12 wk resulted in a notable decrease in serum OCN and increase in C-terminal telopeptide concentrations (29) . Although the rats consumed the same quantity of diet and concentration of micronutrients, the HFS diet provided relatively less micronutrients on an energy basis. Although this likely did not produce deficiencies, the HFS-OVX rats especially may have benefited by equalizing bonesupporting micronutrients on an energy basis, thus potentially blunting the adverse effects on the bone.
The induction of Ctsk gene expression in the proximal femur of mice by feeding a high-fat diet has been reported previously (28) . Our study showed that changes in Ctsk but not Runx2 mRNA expressions in the distal femur occurred with increased circulating bone resorption marker concentrations in rats in response to ovariectomy and the HFS diet. These results might suggest that the Ctsk mRNA expression in the rat femoral metaphysis is more sensitive than Runx2 mRNA to ovariectomy and the HFS diet. A previous study clearly indicated that estrogen deficiency could significantly reduce the ratio of Opg to Rankl in the tibia of aged OVX rats (21) . A high-fat diet intake was also reported to induce the process of osteoclastogenesis by decreasing the Opg:Rankl ratio in 4-wk-old mice fed for 14 wk (27) . Our results indicated that both ovariectomy and the HFS diet downregulated the mRNA expression of Opg in femoral metaphysis of rats considerably without altering Rankl gene expressions in the rat bone. However, the ratio of Opg:Rankl expression was found to be downregulated by ovariectomy but not altered by the HFS diet.
Animal studies have supported the idea of a link between the generation of oxidized lipids and osteoporosis (30) . During jn.nutrition.org oxidation, PUFAs were oxidized to form hydroperoxide products that were eventually decomposed to generate stable oxidation products, which in turn bind to Pparg to exert detrimental skeletal effects (8) . Pparg and its ligands in the bone play an essential role in promoting osteoclast differentiation and bone resorption (31) . Ovariectomy dramatically increased Pparg mRNA and protein expression in animal bones, liver, muscle, and adipose (32, 33) , thereby activating adipogenesis. Conversely, a high-fat diet attenuated Pparg expression in bone marrow mesenchymal stem cells from 2-mo-old male rats (34) and regulated Pparg expression in adipose tissue, liver, spleen, heart, and skeletal muscle in different animal models (35) . This study demonstrated that Pparg mRNA expression in the rat femoral metaphysis was markedly elevated in OVX rats. However, the HFS diet failed to alter Pparg mRNA expression in adult female rat femurs despite the fact that the HFS diet resulted in higher lipid deposition in the livers. Thus, our results suggest that ovariectomy might increase the sensitivity of animals to oxidized lipids during the HFS diet via its actions on Pparg, which in turn worsened the deleterious effects of the HFS diet on the bone.
OS is an important mechanism that has been proposed as being responsible for the age-related bone loss and strength in addition to the estrogen deficiency paradigm in the pathogenesis of osteoporosis (8) . ROS can enhance bone resorption directly or indirectly by promoting osteoclast formation and activity and can simultaneously induce apoptosis of osteoblasts and decrease their activity, subsequently leading to reduced osteoblastic bone formation (36) . Our results showed that the combination of the HFS diet consumption and ovariectomy induced more OS in female rats as revealed by MDA production and reduced enzyme activities of CAT in the liver. These changes were correlated with the femoral metaphysic BMD and a positive correlation between SOD, CAT, and GPx activity in the liver and femoral metaphysic BMD in adult female rats. Similarly, SOD activity in plasma and the femur was previously reported to be positively correlated with femur BMD (37) . Taken together, these findings support a role for OS alterations to help explain the adverse skeletal effects of ovariectomy and HFS diets.
In summary, our results demonstrate that the HFS diet resulted in aggravated bone loss induced by estrogen deficiency in adult female rats. The negative synergistic actions of the HFS diet and estrogen deficiency on bone properties mainly occurred in cancellous bones and were characterized by elevated OS, accelerated bone resorption, and elevated Pparg expression in the bone. Further studies are needed to evaluate whether HFS diets and estrogen deficiency interact to induce bone loss in humans.
